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Abstract 
 The torrefaction of oil palm Empty Fruit Bunch (EFB) briquettes was examined in this study. The results revealed that temperature 
significantly influenced the mass yield, energy yield and heating value of EFB briquettes during torrefaction. The solid uniform 
compact nature of EFB briquettes ensured a slow rate of pyrolysis or devolatization which enhanced torrefaction. The mass yield 
decreased from 79.70 % to 43.03 %, energy yield from 89.44 % to 64.27 % during torrefaction from 250 °C to 300 °C. The heating 
value (HHV) of oil palm EFB briquettes improved significantly from 17.57 MJ/kg to 26.24 MJ/kg after torrefaction at 300 ºC for 1 
hour. Fundamentally, the study has highlighted the effects of pelletization and torrefaction on solid fuel properties of oil palm EFB 
briquettes and its potential as a solid fuel for future thermal applications. 
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1. Introduction 
The emission of anthropogenic greenhouse gases has increased at an average rate of 2.1 % over the years 
particularly due to fossil fuel combustion, rapid deforestation, and environmental pollution. This scenario has increased 
the urgent need for a sustainable transition from fossil fuels to renewables. Biomass is promising renewable energy 
technology (RET) with the potential to convert waste streams into chemicals, fuels, and power for the future [1-3].     
Currently, the production of energy from solid fuels is dominated by coal, which has superior fuel properties compared 
to biomass [4].   
With over 140 million tons of oil palm waste generated annually, Malaysia can potentially generate 24 % of its 
current primary energy supply. Hence, the availability of large quantities of lignocellulosic oil palm waste in Malaysia 
presents a unique opportunity for the future generation of clean renewable energy [5]. Biomass utilization for energy 
production is hindered by high moisture content, alkali content, bulky heterogeneous nature, low heating value and 
conversion efficiencies [5, 6]. The outlined properties of biomass present technical challenges particularly in the design 
of conversion equipment and efficient utilization of solid fuels [4].  
Pre-treatment techniques such as pelletization and torrefaction can improve the utilization and conversion 
efficiency of biomass resources [7]. Pelletization is a densification technique used to improve the thermochemical 
conversion efficiency, handling, and transport of biomass resources [8]. Torrefaction is a mild pyrolysis process in which 
biomass is treated in the temperature range from 200 °C - 300 °C in a non-oxidising environment. The drying and partial 
devolatization of biomass during torrefaction decreases the mass of biomass without affecting the energy content [9]. 
Furthermore, torrefaction improves the solid fuel properties of biomass by depolymerising long chain polysaccharide 
and removing CO2 and H2O. Hence by reducing the oxygen-to-carbon (O/C) ratio, the energy density and hygroscopic 
nature of biomass is significantly enhanced [6, 9]. Furthermore, the modified structure of torrefied biomass improves its 
grindability, gasification potential and future prospects as a solid fuel for co-firing in existing coal power plants [10-12]. 
Principally, the fuel properties of torrefied biomass is significantly influenced by torrefaction temperature, time, and 
type of biomass [9]. A number of studies have explored the torrefaction of agricultural waste [5, 7], wood [13-15], and 
energy grasses [4, 16]. Uemura and co-workers [5, 7] examined the effects of torrefaction temperature and oxygen 
concentration on the mass and energy yields of oil palm waste from 220 °C - 300 °C. The findings indicated that the 
torrefaction of oil palm Empty Fruit Bunches (EFB) at 300 °C for 30 mins resulted in an average mass yield of 24 % 
and energy yield of 56 %. In addition, the heating value (HHV) of torrefied EFB was 20.41 MJ/kg, which is lower than 
lignite coal currently utilised for energy production in coal power plants. Therefore, the poor fuel properties and low 
efficiencies of current oil palm waste conversion techniques require further investigation to improve the product yield 
of pre-treatment and its overall prospects as an ideal solid fuel for future thermal energy applications in Malaysia.  
Hence, this study is aimed at investigating the torrefaction of oil palm empty fruit bunch (EFB) briquettes as a 
potential fuel for future thermal applications. The effect of torrefaction temperature on the mass yield, energy yield, 
energy density and heating value on EFB briquettes will be presented in detail using a simple and practical laboratory 
technique not previously reported in literature.  
 
2. Experimental 
The EFB briquettes used in this study were obtained from Felda Semenchu Sdn Bhd, Johor, Malaysia and used 
without treatment. For each experimental run, 10 g of the EFB briquettes were tightly enclosed in aluminium foil to 
prevent contact with air or oxygen, placed in a covered ceramic crucible and torrefied at 250 °C, 275 °C, and 300 °C for 
1 hour in a muffle furnace (Model, Ney Vulcan D-130) as presented in Figure 1.  
 
Fig 1. Experimental Set Up. 
The experiments were repeated three times to establish the reliability and repeatability of the results.  The simplicity 
and practicality of the proposed torrefaction technique is emphasized by the fact that it eliminates the need for nitrogen 
gas and other non-oxidising ancillary equipment reported in literature. Furthermore, the emphasis in literature is on 
biomass torrefaction followed by pelletization; whereas our technique proposes pelletization and subsequently 
torrefaction. The proximate analysis of the EFB briquette was determined using ASTM standard techniques with the 
following results; moisture content, 8.04 %; volatiles, 72.37 %; Fixed carbon 14.38 %; and Ash, 5.21 %. The elemental 
analysis of the EFB Briquettes and torrefied products were analysed using the vario MICRO cube CHNS/O elemental 
analyser. The XRF analysis was carried out using the Bruker S4 Pioneer X-Ray Fluorescence Spectrometer. The heating 
value (HHV) of the EFB briquettes and torrefied products was measured using a bomb calorimeter (Model, IKA C2000). 
The measurements were repeated three times in each case to ensure repeatability. The mass and energy yield of 
torrefaction are defined by the relations [4];  
 
𝑦𝑚𝑎𝑠𝑠 = (
𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
) × 100                                                                        (1) 
𝑦𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑦𝑚𝑎𝑠𝑠 × (
ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 (𝐻𝐻𝑉) 𝑜𝑓 𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 (𝐻𝐻𝑉) 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
) × 100                    (2) 
𝑦𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑠𝑖𝑡𝑦 = (
𝑦𝑒𝑛𝑒𝑟𝑔𝑦
𝑦𝑚𝑎𝑠𝑠
)                                                                                                                                 (3) 
 
 
3. Results And Discussion 
Yield of Torrefaction 
Table 1 presents the mass yield, energy yield and energy density of the torrefied EFB briquettes. As observed, mass 
yield decreased from 79.70 % to 43.03 %, while the energy yield decreased from 89.44 % to 64.27 % during torrefaction. 
The decrease in mass and energy yield during torrefaction is primarily due to drying, partial devolatization and the 
breakdown of hemicellulose [9]. In addition, the results showed that temperature significantly influenced the mass and 
energy yield of oil palm EFB briquettes during torrefaction, a trend also reported by [4, 6, 7].  
Table 1. Product yield of Oil palm EFB briquettes torrefaction. 
Temperature 
(ºC ) 
Mass Yield 
(%) 
HHV 
(MJ/kg) 
Energy yield 
(%) Energy Density 
250 79.70 19.72 89.44 1.12 
275 61.40 21.35 74.63 1.22 
300 43.03 26.24 64.27 1.49 
To analyse the effect of pelletization on the product yield of torrefaction, we compared our results with the mass 
yield of EFB obtained by Uemura et al., 2011 by also carrying out torrefaction of EFB briquette at 300 °C for 30 minutes. 
The results showed that mass yield, 78.90 % and energy yield, 64.27 % for EFB Briquette is significantly greater than 
the mass yield, 24.18 % and energy yield, 56 % observed for EFB in their study. This confirmed that pelletization 
improves the product yield of torrefaction; increasing the mass yield and energy yield of EFB by a factor of 3 and 1.2 
respectively. However, the difference in mass and energy yields of EFB and EFB briquette compared here could also 
be due to two factors. Primarily, the solid compact nature of EFB briquettes ensures a slower rate pyrolysis or 
devolatization compared to EFB.  Secondly, the difference may be due to the torrefaction technique used; which also 
presupposes that biomass torrefaction in inert environment may be a limiting factor. The results in Table 1 also reveal 
that the energy density of EFB briquettes increased from 1.05 to 1.49 during torrefaction primarily due to the increase 
in the heating value of the torrefied products.  
 
Appearance of torrefaction products 
Figure 2 presents the raw feedstock oil palm EFB briquettes and torrefied products at different torrefaction temperatures. 
The samples are denoted; a – Raw (untorrefied) EFB briquette; b – Torrefied at 250 ºC (Torr 250); c – Torrefied at 275 
ºC (Torr 275); d – Torrefied at 300 ºC (Torr 300).  
 
Fig 2. Torrefied EFB Briquettes (a) Raw oil palm EFB Briquettes;  (b) Torrefied at 250 ºC; (c) Torrefied at 275  ºC; (d) Torrefied at 300  ºC. 
 
As can be observed, the colour of torrefied EFB briquettes changed progressively from greyish brown to black with 
increasing temperature from 250 °C to 300 °C. The progressive change in colour EFB briquette is primarily due to the 
feedstock devolatization and increase in carbon content with increasing temperature during torrefaction. Similar trends 
were also reported by Uemura et al., 2011 and Couhert et al., 2009 [7, 17]. 
Chemical Fuel Properties 
Table 2 presents an overview of the chemical fuel properties of EFB briquettes before and after torrefaction. The carbon 
content (C) increased significantly by 40 % after torrefaction while oxygen (O) and hydrogen (H) content decreased.  
Table 2. Chemical properties of Torrefied oil palm EFB briquettes. 
Sample C H N S O Formulae 
EFB Briq 45.14 6.05 0.54 0.20 48.08 C1H1.61O0.80 
Torr 250 49.47 5.91 0.52 0.54 43.56 C1H1.43O0.66 
Torr 275 54.54 5.61 0.81 0.47 38.58 C1H1.23O0.53 
Torr 300 63.33 5.02 1.07 0.43 30.17 C1H0.95O0.36 
 
The O/C ratio decreased from 1.07 to 0.48 while the H/C ratio decreased from 0.13 to 0.08 during torrefaction. 
This reportedly accounts for the improved properties of torrefied biomass such as heating value, hygroscopic nature and 
grindability [9, 10].  However an increase in the sulphur content (0.2 - 0.43) and nitrogen content (0.54 - 1.07) was 
observed after torrefaction. This can potentially result in increased NOx and SOx emissions during thermal applications 
for power generation. However a possible justification for the increased N content after torrefaction may be nitrogen 
based side reactions Eqn 4 although these reactions typically occur at high temperatures and pressures in the presence 
of metal catalysts supported on K2O, CaO, SiO2 and Al2O3 [18].  
𝑁2 + 3𝐻2 ↔ 2𝑁𝐻3                                                                                                                                 (4) 
Consequently, the X-ray fluorescence (XRF) analysis of EFB briquette was carried out and the results confirmed the 
presence of K2O, CaO, SiO2, Al2O3 and Fe2O3 in the sample. Hence, these compounds may have catalytically promoted 
the nitrogen reactions which accounts for the increase the N content in the torrefied samples. Similarly, increase in 
sulphur content in the torrefied samples may be due to the thermo-catalytic Claus desulphurization process. Dowling et 
al., (1990) showed that the reaction of hydrogen and sulphur can occur under conditions similar to the Claus process, 
Eqns 5-6 [19]. Alternatively, the partial oxidation of hydrogen sulphide, Eqn 7, can yield hydrogen, water, and elemental 
sulphur at 400 °C over alumina catalysts [20]. 
𝐻2 + (
1
2
) 𝑆2 ↔ 𝐻2𝑆                                                                                                                                               (5) 
2𝐻2𝑆 + 𝑆𝑂2 ↔ (
3
2
) 𝑆2 + 2𝐻2𝑂                                                                                                                          (6) 
𝐻2𝑆 +
1
2
𝑂2 → 𝐻2𝑂 +
1
8
𝑆8                                                                                                                                    (7) 
Furthermore, the exothermic partial oxidation reactions in Eqns 5&7 usually occur at high temperatures, however the 
presence of catalytic inorganic species K2O, CaO, SiO2, Al2O3 and Fe2O3 may have influenced the process of sulphur 
deposition and increased S content at the torrefaction temperatures examined.   
Calorific value of torrefaction products 
The calorific (higher heating value, HHV) value of the torrefied samples is presented in Table 3. The heating value of 
oil palm EFB 17.43 MJ/kg [5] which is lower than the HHV of EFB briquette is 17.57 MJ/kg observed in this study.  
Table 3. Heating value of Torrefied oil palm EFB Briquettes. 
Temperature 
(ºC ) 
HHV 
(MJ/kg) 
Diff in HHV 
(MJ/kg) 
Δ in HHV 
(%) 
EFB Briq 17.57 - - 
Torr 250 19.72 2.15 12.24 
Torr 275 21.35 3.78 21.51 
Torr 300 26.24 8.67 49.35 
 
The results showed that the HHV of the EFB briquettes increased from 17.57 MJ/kg to 26.24 MJ/kg after 
torrefaction from 250 ºC to 300 ºC. This is primarily due to the increase in carbon, fixed carbon content as well as the 
decrease in oxygen content in Table2. Therefore, we can infer that the torrefaction process significantly improved the 
heating value of EFB by 49 %. In addition, the HHV of torrefied EFB briquette, 26.24 MJ/kg, at 300 ºC is higher than 
lignite and bituminous coal (24.45 MJ/kg) reported in literature [9].  
4. Conclusion 
This torrefaction of oil palm EFB briquettes produced a solid uniform fuel with improved thermochemical and physical 
properties. The thermal upgrading of the fuel properties was enhanced by compact nature of EFB briquettes ensures a 
slow rate of pyrolysis during torrefaction. With its improved heating value (HHV) of 26.24 MJ/kg after torrefaction at 
300 ºC for 1 hour, oil palm EFB briquettes can potential be utilized for future thermal applications. However, CO2, NOx 
and SOx recovery systems may be required to improve the overall sustainability of the thermochemical conversion 
process of torrefied EFB briquettes.  
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